Accurate estimation of the amount and timing of water flux through melting snowpacks is important for runoff prediction in cold regions. Most existing snowmelt models only account for one-dimensional matrix flow and neglect to simulate the formation of preferential flow paths. Consideration of lateral and preferential flows has proven critical to improve the performance of soil and groundwater porous media flow models. A two-dimensional physically-based snowpack model that simulates snowmelt, refreezing of meltwater, heat and water flows, and preferential flow paths is presented. The model assumes thermal equilibrium between solid and liquid phases and uses recent snow physics advances to estimate snowpack hydraulic and thermal properties. For the first time, capillary hysteresis is accounted in a snowmelt model. A finite volume method is applied to solve for the 2D coupled heat and mass transfer equations. The model with capillary hysteresis provided better simulations of water suction at the wet to dry snow interface in a wetting snow sample than did a model that only accounted for the boundary drying curve. Capillary hysteresis also improved simulations of preferential flow path dynamics and the snowpack discharge hydrograph. Simulating preferential flow in a subfreezing snowpack allowed the model to generate ice layers, and increased the vertical exchange of energy, thus model ling a faster warming of the snowpack than would be possible without preferential flow. The model is thus capable of simulating many attributes of heterogeneous natural melting snowpacks. These features not only qualitatively improve water flow simulations, but improve the understanding of snowmelt flow processes for both level and sloping terrain, and illuminate how uncertainty in snowmelt-derived runoff calculations might be reduced through the inclusion of more realistic preferential flow through snowpacks.
Introduction
To accurately predict the timing and magnitude of snowmelt water release from deep cold snowpacks, water percolation within snow must be understood ( Gray and Male, 1975; Wankiewicz, 1979 ) . Percolation is greatly influenced by snowpack internal properties, such as grain sizes that evolve rapidly during melt due to the presence of liquid water (e.g. Brun, 1989 ) . Due to internal refreezing, deeper, colder snowpacks have delayed flow rates (e.g. DeBeer and Pomeroy, 2010 ) . Refreezing may result in the formation of ice layers within cold snowpacks, which impede the vertical flow of water (e.g. Pfeffer and Humphrey, 1996 ) . Flow of water through snowpacks is a complex physical process that can be considered as two parts -matrix flow and preferential flow (e.g. Marsh and Woo, 1984a; Marsh, 1991; Waldner et al., 2004 ) . Pref-ation or impedance of matrix water flow at the interface of two snow layers depending on the gravity flow pressure of each layer; but no field data were available to test and validate the model. Marsh and Woo (1984b, 1985 ) created for the first time a onedimensional model that accounted for the mass flow through PFP, assumed to extend over the complete depth of the snowpack; this theory did not include lateral flows or the delay of water flow due to ice layers within the snow. Tseng et al. (1994a) developed a complex two-dimensional snow model implementing snowpack ablation following the theory of Illangasekare et al. (1990) to predict matrix flow through subfreezing snow; however, the model was unable to simulate the formation of PFP. No existing hydrological snow models (e.g. SNTHERM, Jordan, 1991 ; or Snobal, Marks et al., 1999 ) or land surface schemes (e.g. CLASS, Verseghy, 1991 ) include simulation of lateral flows, the formation of PFP and ice layers, or their effects on water movement through snowpacks. This results in inaccuracy in snowpack water and energetics as well as errors in the prediction of catchment discharge and meltwater delivery to soil ( Pomeroy et al., 1998 ) . Preferential flow and ice layer formation were recently included in the 1D snow model SNOW-PACK ( Wever et al., 2016; Würzer et al., 2017 ) using a dual domain approach to divide the flow between matrix flow and preferential flow, similar to the approach used in soil models (e.g. Beven and Germann, 1981 ) . Two coefficients, which had to be estimated were added to SNOWPACK: the water content threshold to move water from preferential flow to matrix flow and the number of PFP per square meter. Simulating preferential flow improved the timing of meltwater delivery to the underlying soil early in the melt season and during rain-on-snow events and was essential to the formation of ice layers; however, their model could only represent 20 % of the ice layers observed in natural snowpacks.
The formation of PFP in soil has been studied for decades. Hill and Parlange (1972) demonstrated that PFP form at unstable wetting fronts after ponding of liquid water at the interface of fine to coarse structured layers. Hillel and Baker (1988) later emphasized the importance of water-entry suction on the ponding of percolating liquid water at the wet to dry soil interface; they defined water-entry suction as "the maximum suction that will allow water to enter an initially dry porous matrix" characterized by the smallest pores in a layer. Ponded liquid water will penetrate the dry sublayer at randomly distributed locations caused by spatial heterogeneities in suction at the wetting front, creating an unstable wetting front evolving into PFP. In snow, Wankiewicz (1979) and Waldner et al. (2004) confirmed water ponding by capillary barriers. Katsushima et al. (2013) found that a water-entry suction in snow exists and can be estimated with an equation comparable to the one for soil. Colbeck (1979) noticed spatial persistence of PFP in snow after forming due to an increase in grain growth with liquid water content. On the other hand, Schneebeli (1995) observed that the location of PFP in snow changed after each melt-freeze cycle.
Soil models were developed to represent PFP formation in initially air-dry and hydrophobic sandy soils by applying initially unstable wetting fronts ( Nieber, 1996; Ritsema et al., 1998 ) . In snow, Hirashima et al. (2014a Hirashima et al. ( , 2014b Hirashima et al. ( , 2014c ) developed a multidimensional infiltration model to reproduce PFP in a snowpack by combining the works of Hillel and Baker (1988) and Katsushima et al. (2013) . Hirashima et al. (2014a Hirashima et al. ( , 2014b Hirashima et al. ( , 2014c ) introduced a water-entry capillary pressure for dry snow and heterogeneities in snow grain size and snow density to allow the formation of PFP. That snow model included the latest improvements made to compute snow hydraulic properties, such as the formulation of snow permeability from Calonne et al. (2012) and the empirical model of Yamaguchi et al. (2012) , which approximates the water retention curve (WRC) -the relationship between liquid water content and capillary pressure -in draining snow. The applicability of the model by Hirashima et al. (2014a ) was limited to isothermal snow samples, neglecting melting at the surface and refreezing of liquid water. Davis et al. (2009) demonstrated that capillary hysteresis was most pronounced in hydrophilic soils than in hydrophobic soils. The existence of a thin liquid layer around ice grains ( Dash et al., 1995 ( Dash et al., , 2006 makes snow a hydrophilic porous medium as it reduces the contact angle between the liquid water and the ice crystal; therefore, capillary hysteresis can be expected to have a significant impact on water flow through snow. Hence, the WRC of Yamaguchi et al. (2012) is valid only for draining snow. Adachi et al. (2012) measured WRC for both draining and wetting snow samples. Laboratory or field experiments determining an equation for WRC for wetting snow have yet to be conducted.
In this paper, a new snowmelt model, Snowmelt Model with Preferential flow Paths (SMPP) that captures the effect of capillary hysteresis is presented. The ability of SMPP to simulate and quantify PFP during the melt of a dry, subfreezing, layered snowpack is demonstrated. A sensitivity analysis on the model inputs and parameters is also presented to identify the most important model variables that influence simulated flow through snow.
SMPP mathematical framework
SMPP is a 2D numerical model that simulates mass and heat fluxes within both sloping and level snowpacks. Melt at the surface and infiltration of liquid water are both computed, as well as refreezing of liquid water when the internal snow temperature is below freezing. This section details the mathematics behind the snow processes included in SMPP.
Snow ablation and melt
A melting snow surface can be approximated as a moving boundary at which heat transfer and phase change occur simultaneously. To estimate the heat transfer and phase change at this boundary, the Stefan condition is solved ( Eq. (1) ) (e.g. Tseng et al., 1994a ) . When the snow surface temperature ( T s in [ °C] ) is below freezing, the heat flux at the surface ( Q n in [W m −2 ]) is used to warm the snow directly below the surface, otherwise, the heat flux is applied to melt the snow.
where λ is the thermal conductivity 
Water flow
The mass flow between each snow layer is estimated by solving the non-steady state two-dimensional mass conservation equation: ( Bear, 1972 ) assuming a laminar flow: ( Vionnet et al., 2012 ) , and ρ ds is the dry snow
The unsaturated hydraulic conductivity (
then estimated from the saturated hydraulic conductivity using the van Genuchten-Mualem model ( Mualem, 1976; van Genuchten, 1980 ) :
where S e is the effective saturation and m is a parameter.
The pressure head ( ( θ w )) is linked to the liquid water content through the WRC. The van Genuchten equation ( van Genuchten , 1980 ) is applied to estimate this relationship: -] are parameters, with m chosen as m = 1 − 1/ n . α is related to the inverse of the air entry pressure head and n is a measure of the pore-size distribution.
Hysteresis process
Analogous to flow through unsaturated soil, the snow WRC has hysteresis, i.e. the water pressure for a given saturation differs between the wetting and drying processes ( Wankiewicz, 1979; Adachi et al., 2012 ) that each follow unique boundary wetting and drying curves, referred hereafter by the superscripts w and d, respectively. Yamaguchi et al. (2012) formulated a boundary drying curve for snow based on the van Genuchten equation ( Eq. (6) 
where r c is the mean grain radius [m] . This parameterization was found to provide better results than the previous formulations of Yamaguchi et al. (2010) and Daanen and Nieber (2009) , both depending solely on snow grain size ( Wever et al., 2014 ( Wever et al., , 2015 ).
An equation for a wetting boundary curve in snow has yet to be developed. A wetting boundary curve was implemented in SMPP by scaling the known boundary drying curve using the following constraints, which are commonly applied in soil physics ( Kool and Parker, 1987 ) :
where θ w w , s and θ d w , s are the liquid water contents at saturation for the boundary wetting and drying curves, respectively, and γ is a coefficient commonly taken as 2. Likos et al. (2013) found values of γ ranging from 1 to 5.66 depending on soil cohesiveness, with a mean value of 2.2. As this ratio increases, the boundary wetting curve separates further ( becomes lower) from the boundary drying curve. As a value for γ in snow is unknown, a sensitivity analysis on this parameter is shown in Section 6 . Nieber (1996) described a main wetting curve starting from dry conditions for hydrophilic soils. This curve was nearly level with equal to water entry pressure. Such a curve has yet to be shown to exist in snow, which can also be considered a hydrophilic porous medium. Katsushima et al. (2013) did, however, measure a water entry pressure in snow. To represent the water retention functions of Nieber (1996) , in SMPP, a value of water entry pressure ( we in [m] , Eq. (9) below) was used when a grid cell was initially dry ( θ w ≤ θ r ) following the expression from Katsushima et al. (2013) , which depends solely on grain size.
Instead of jumping to a boundary curve when θ w > θ r (as in Hirashima et al., 2014a ) , which creates an unrealistic increase of pressure and potentially causes model instabilities, a snow grid cell initially at the water entry pressure stays at this pressure until S e is greater or equal to the saturation estimated on the wetting boundary curve at = we ; it then moves to the wetting boundary curve.
Solving for the above equations can create a numerical error in that a water flux from dry ( θ w ≤ θ r ) to wet snow can be computed when the water entry pressure of the dry cell ( Eq. (9) ) is lower than the pressure in the wet cell ( Eq. (6) ). To prevent this, a condition is put on the Darcy-Buckingham's flux, allowing for the flow of water to occur from a wet to a dry layer only when Eq. (3) is positive, i.e. liquid water content accumulates until the pressure in the wetting cell satisfies the condition:
where δ is equal to 0 or 1 in the lateral and vertical directions, respectively. In contrast to Hirashima et al. (2014a ) where only a drying boundary curve was applied to calculate the pressure head of both wetting and drying snow, implementing a wetting boundary curve results in lower liquid water content at the wet to dry snow interface, lower hydraulic conductivities, and lower mass flux until the pressure condition ( Eq. (10) ) is satisfied. Moreover, when increasing γ , this condition is satisfied for even lower water contents as the suction of the boundary wetting curve decreases.
Scanning curves are implemented using the model proposed by Huang et al. (2005) . This model was chosen as it forces the closure of the scanning loops, thus preventing artificial pumping errors ( Werner and Lockington, 2006 ) . To close the loops, the scanning curves are forced to pass through reversal points. Wetting 
where the superscript j denotes either a wetting or drying scanning curve (w or d, respectively) and p is the order of the scanning curve. Beyond second-or third-order scanning curves, hysteretic effects become small ( Parker and Lenhard, 1987 ) . To balance between model accuracy and efficiency, computed values of p greater than 90 were kept equal to 90 in SMPP, i.e. no additional scanning curve was computed after the scanning curve of order 90. θ j r (p) and θ j s (p) can be determined by substituting ( θ j ( , p), ) in Eq. (11) by the two reversal points ( θ dw , dw ) and ( θ wd , wd ) through which the scanning curve passes ( Eq. (12) ). The former is the reversal point when the process switches from drying to wetting and the latter is the reversal point when the process changes from wetting to drying.
Figure 1 presents an example of the hysteresis model for a snow density of 400 kg m −3 , a grain diameter of 1 mm, and γ equal to 2. The wetting and drying processes shown in Fig. 1 , as well as the reversal points (black dots in Fig. 1 ) were actively chosen to illustrate an example of the hysteresis process implemented in the model. The water entry pressure curve (constant line at = we , represented by the dots) met the boundary wetting curve (blue line). Suction then decreased on the boundary wetting curve until drying occurred and scanning curves were computed (dashed lines). The reversal points of the scanning drying curve 1 are ( θ 1 , 1 ) and ( θ r , r ), the scanning wetting curve passes through ( θ 2 , 2 ) and ( θ 3 , 3 ) and the scanning drying curve 2 initiates from ( θ 3 , 3 ) and ends at ( θ 2 , 2 ).
Heat transfer
In SMPP, to simulate heat transfer in a snowpack, the nonsteady state two-dimensional heat conduction equation is solved following Albert and McGilvary (1992) with the addition of a source term: The term L f ρ w S S is a source term representing latent heat release during refreezing of liquid water. The effective thermal conductivity ( λ eff ) was calculated following Calonne et al. (2011) , who conducted three-dimensional numerical computations of snow thermal conductivity through the air and ice phases. They developed an empirical relationship between thermal conductivity and dry snow density ( Eq. (14) ). The term θ w λ w accounts for the effect of liquid water within the pores on the heat transfer.
Refreezing of liquid water
During infiltration of liquid water in an initially subfreezing snowpack, heat transfer occurs between the liquid and solid phases during phase change. Illangasekare et al. (1990) developed a theory to describe the refreezing of meltwater in a cold snowpack. They expressed the maximum mass of liquid water per unit volume of snow ( m max ) that must freeze to raise the snow temperature to zero as,
The actual mass of liquid water per unit volume of snow that refreezes during a numerical time step ( m f ) is always less than or equal to m max . It is limited by the available liquid water content in the snow layer. The variable S S in Eqs. (2) and (13) is related to m f by:
where t is a numerical time step [s] . The change of liquid water content and snow layer temperature at the end of a numerical time step ( t + t ) caused by refreezing are solved through the Eq. (2) and Eq. (13) , respectively, using the value of S S from Eq. (16) . At the end of the same time step, snow porosity ( φ), air content ( θ a ), and bulk density of snow ( ρ s ) are updated as:
Numerical model implementation
To solve the partial differential equations ( Eqs. (2) and ( 13) ) in SMPP, an explicit finite volume scheme was applied using a quadrilateral structured mesh. The mesh was first scaled to that of the key snowpack structures, e.g. the vertical grid size was at most 1 cm when ice layers were simulated as this corresponds to their typical thickness ( Watts et al., 2016 ) and the horizontal grid size was at most 1 cm wide when PFP were simulated, as they have been reported with diameters of between 0.5 and 2 cm ( Waldner et al., 2004 ) . The mesh was then refined from iterative initial simulations to determine the optimum grid size that allowed numerical convergence of the partial differential equations. The optimum grid size was chosen so that the tolerance of the computational error between the total outflow (outflow when the snowpack has completely melted) and the initial snow water equivalent of the snowpack was less than 1 %. This numerical method considered each numerical cell as a control volume, in which the conservation equations were solved. Such an approach is commonly applied in computational fluid dynamics (CFD) models as it is inherently conservative. To assure model stability, an adaptive time step with a maximum value of 1 s was computed so that the CourantFriedrichs-Lewy conditions for the two-dimensional heat conduction equation and Richards equation were both met ( Haverkamp et al., 1977; El-Kadi and Ling, 1993 ) . The time step decreased with increasing snow density, water content and temperature gradient. To prevent very small time steps, resulting in simulations taking weeks to finish, a lower bound of 10 −4 s was chosen for the variable time step. In a few cases, however, using a lower bound for the time step resulted in estimated water contents greater than saturation at the interface of wet to dry snow; when this occurred, liquid water content exceeding saturation was restricted to saturation and the excess was added to the lower numerical cell. Each individual simulation run for this study took less than 72 h on an Intel Core I7-3610QM CPU.
To confirm mass conservation when mass flow was coupled with both freezing and thawing phase changes, the ratio of the sum of the mass fluxes at the boundaries of the domain and the sum of the water and ice content changes was calculated as
where M C t 0 is a coefficient that is equal to 1 if mass conservation is respected at time t 0 , i,j is the sum over all the numerical cells that compose the snowpack, Vol i,j is the volume of the numerical cell ( i, j ) at the boundary of the domain ( δ ).
Boundary and initial conditions
Neumann boundary conditions were applied at the upper, right and left-hand boundaries for the mass and heat equations. A constant heat flux ( Q n in Eqs. (1a) and ( 1b) ) was applied as an upper boundary condition for the heat equation. This flux was then used to estimate the snowmelt rate utilized as the upper boundary condition for the mass flow equation ( Q inf in Eq. (1b) ). A rain influx can also be chosen as an upper boundary condition for the mass flow equation, permitting rain-on-snow simulations. Different boundary conditions can be set at the lateral boundaries: both as no-flow boundaries or periodic conditions. A constant heat flux or constant temperature is chosen at the lower boundary. At the bottom, a free drainage boundary condition is specified for the water flow equation. The initial conditions used in the model included the snowpack slope angle, layering system and mean layer properties -porosity, water content, grain size, and temperature.
Model assumptions
Water and energy flows within a layered, heterogeneous, subfreezing snowpack are complex physical processes. The current lack of understanding of the physics of these processes necessitated assumptions while developing SMPP.
• There is thermal equilibrium between the solid and liquid phases.
• Freezing point depression effects on the snow grains from pore pressures are small and can be neglected.
• The water entry pressure for dry snow can be characterized solely as a function of snow grain size.
• The irreducible water content does not vary substantially and can be assumed constant for the whole snowpack.
• The flow of water through the matrix and PFP is laminar.
In the present version of the model, some approximations were also made.
• Grain size was assumed not to change due to water vapor gradients (kinematic and equilibrium growth metamorphisms) or the presence of liquid water during the water flow event (wet snow metamorphism).
• Thermal convection, condensation, and sublimation within the snowpack are small during the melt event and need not be considered.
• Temperature, density, and water content can be computed at the center point of each numerical cell and assumed homogeneous within the cell.
• The hydraulic and thermal conductivities at the interface of two numerical cells can be estimated using the arithmetic average of the values.
The uncertainties associated with these approximations will be addressed in a future version of the model.
PDE solver verification
To validate the solvers for the two partial differential equations ( Eqs. (2) and ( 13) ) in SMPP, their solutions were compared to those of two existing models that have been widely applied and validated in separate studies (Hydrus: Šimunek et al., 2012 ; OpenFoam with laplacianFoam : Logie et al., 2015 ) .
Simulations of one-dimensional water flow through unsaturated porous media using Richards equation with SMPP were compared to that from the soil model Hydrus-1D ( Šimunek et al., 2008 ) . The flow through a 1 m deep unsaturated sand column was simulated with both SMPP and Hydrus-1D. To maintain simplicity, a single WRC was considered for both wetting and draining processes and the soil hydraulic parameters were chosen from the soil catalogue offered with the model Hydrus. Water content was initialized at 0.05 m −3 m −3 in the whole system, a constant mass flux of 100 mm d −1 was imposed at the upper boundary, free drainage boundary condition was chosen for the lower boundary condition, and the lateral boundaries were set as no-flow. The simulations were run until steady-state conditions were achieved. Fig. 2 (a) compares the outputs from SMPP against the outputs from Hydrus 1D at three different times. The water flow simulation of SMPP agreed with the 1D simulation from Hydrus, suggesting that SMPP will be adequate for water flow simulations through snow using Richards equation. The difference is on the order expected from the different numerical methods used to discretize the equations in Hydrus 1D and SMPP.
The 1D heat conduction simulation was validated against the CFD model OpenFOAM, using the solver laplacianFoam with an explicit finite volume scheme. Heat conduction was calculated for a homogeneous snowpack of density 350 kg m −3 with a grain size of 1 mm. Constant temperatures set to -15 °C and 0 °C were specified at the upper and lower boundaries, respectively, and the snowpack temperature was uniform at −10 °C. Fig. 2 (b) shows the temperature distribution simulated by SMPP against the results from OpenFOAM at three different times. The heat transport simulated by SMPP is nearly identical to the CFD model, suggesting SMPP will be adequate for heat flow simulations.
Water flow simulation in a layered snowpack

Flat and sloping melting snowpacks
The melt of a fine over coarse layered isothermal snowpack (FC snow) was simulated. Table 1 summarizes the model parameters and snow properties used in all the numerical simulations. These snow properties were taken from experiment 1 of Waldner et al. (2004) . For each snow layer, average grain size and density were perturbed cell by cell by Gaussian random perturbations of 10 % and 1.5 %, respectively. The perturbations were generated using the Box-Muller method ( Box and Muller, 1958 ) . This perturbation in grain size was chosen to allow for relatively short simulation times; the effect of this parameter on model flow outputs is presented in Section 6 . The density perturbation is about the same as the measured density variation (between 1.48 % and 1.66 %) by Waldner et al. (2004) . A heat flux of 150 W m −2 was applied at the snow surface as in the experiment of Waldner et al. (2004) , a free drainage boundary condition was chosen at the bottom, and noflow conditions at the lateral boundaries. Fig. 3 (a) shows the simulated liquid water content distribution within a level snowpack after 3 h of melt. Liquid water, generated from the ∼10 mm of melt at the snow surface, accumulated at the layer interface due to higher capillary pressure in the upper layer and then percolated the lower layer when and where vertical pressure head gradients became positive. Distinct PFP formed below the high saturation layer, whereas the flow was similar to matrix flow in the upper part of the snow sample. Fig. 3 (b) shows the melt of the same snowpack on a 10 °slope. Periodic lateral boundary conditions were assumed in this case. More liquid water accumulated at the layer interface as the vertical gravitational term in the Darcy-Buckingham equation ( Eq. (3) ) is lower than that of a level snowpack; lateral flows occurred downhill within the snowpack, impacting the shape of the PFP. Fig. 3 (c) and (d) show the melt of a coarse over fine layered snowpack (CF snow) for both flat and sloping (10 °) terrains, respectively. Each layer had the same snow structure properties as their respective layers in the previous simulation (presented in Fig. 3 (a) ). In contrast to the simulation shown in Fig. 3 (a) , no accumulation of meltwater was observed at the interface of the two layers ( Fig. 3 (c) ). Instead, liquid water directly percolated into the lower layer. Thick PFP formed in the upper layer and thinned as they propagated down the snow sample. The sloped CF snow ( Fig. 3 (d) ) presented tilted PFP caused by lateral flow.
Quantification of θ w at capillary barriers and PFP patterns
Simulated water flows through isothermal two-layer snow samples were compared to laboratory observations. Three snow samples were considered: fine over coarse snow (FC), fine over medium snow (FM) and medium over coarse snow (MC). The input data for these simulations -snow density, grain size, and input flux -were presented in Avanzi et al. (2016) . In their study, dyed liquid water was sprinkled over the surface of each snow sample. Vertical liquid water content distribution was measured at 2 cm resolution, as well as the fraction of wet area over total area ( f ) at the same resolution. Each snow sample was 20 cm high (composed of two snow layers of 10 cm each) and 5 cm wide, numerically discretized with a grid of 10 × 25 cells. A mass input flux of ∼11 mm h −1 (c.f. FC1, FM1, and MC1 in Avanzi et al., 2016 ) was applied at the upper boundary, free-drainage was specified at the lower boundary, and no-flow occurred at the lateral boundaries.
As in the simulations presented in Section 4.1 , γ was set to 2 as commonly assumed in soil studies and θ r was set to 0.024 m 3 m −3 (taken from Yamaguchi et al., 2010 ) . Input mass flux was not applied over the whole upper surface; instead, it was applied to a small fraction of the surface to match the f values observed at the surface of the snow samples by Avanzi et al. (2016) . Simulations were run for three different grain size perturbations, with standard deviations of 5 %, 10 % and 20 %. Density perturbations with standard deviations equal to 3 % and 6 % were applied in the lower and upper snow layers (as specified in Avanzi et al., 2016 ) , respectively.
A grain size perturbation of 10 % gave best results of simulated liquid water and f distributions at the simulated arrival time of water at the snow base (time at which the observations were collected); thus, observed and simulated water distributions within the three snow samples for a grain size perturbation of 10 % are presented in Fig. 4 (upper graphs) . For FC and FM snow samples, the simulated arrival times of water at the snow base were under-estimated by 24 % and 30 %, respectively, while it was overestimated by 25 % for the MC snow sample. In all snow samples, observed liquid water distribution was well approximated by the model. Ponding of liquid water was both observed and simulated at the interface of the stratigraphic layers. More liquid water content accumulated at the interface of FC snow than in the other snow samples, due to a higher suction gradient at this layer interface. In MC, the model under-predicted θ w at the interface, while θ w was over-predicted in FC.
Simulated f values in the snow samples were compared to observations for a grain size perturbation of 10 % ( Fig. 4 , lower  graphs) . Simulated values follow the trend of the observation; f increased (PFP thickened) above the interface and decreased below it (PFP thinned). Fully wet layers were observed and simulated at the layer interfaces ( f = 1) in FC and FM. In MC, f was over-estimated in the whole snow sample.
Comparison between observed and simulated capillary pressures
The impact of γ ( Eq. (8) ) on the capillary pressure within a wetting snowpack was studied by simulating the capillary pressure measurements of Katsushima et al. (2013) . Water flow through Katsushima's three snow samples with different physical properties (SLL, SL and SM, c.f. Katsushima et al., 2013 for details) were model led, applying a constant water flux of ∼20 mm h −1 at the surface. The snow samples (5 × 27 cm) were initially dry except for the upper 2 cm in which the water content was initialized at θ r , chosen equal to 0.024 m 3 m −3 as in Hirashima et al. (2014a ) . The snow samples were discretized with a grid of 15 × 27 cells and the lateral and bottom boundaries were set to impermeable walls and free-flow, respectively. A perturbation with a standard deviation of 20 % was applied to the average grain size of each snow sample ( Katsushima et al., 2013 ) . Hirashima et al. (2014a ) found best results for this value and showed that perturbations in snow density had negligible effect on their model results. Thus, in all simulations presented in this section, density was not varied cell by cell. Figure 5 shows three different model outputs at the wet to dry snow interface (2 cm below the surface) for the three snow samples SLL, SL, and SM (columns in Fig. 5 , from left to right, respectively). The three model outputs studied are the minimum suction, the time of minimum suction, and the capillary pressure at steady state (rows in Fig. 5 , from top to bottom, respectively). In each graph, the outputs (dots in Katsushima et al. (2013) corresponds to the threshold of capillary pressure at which water started percolating dry snow. As γ increased, simulated suctions in wetting cells decreased, resulting in lower simulated values of minimum pressure and time of minimum pressure (upper and middle rows in Fig. 5 ). An optimum value of γ for which simulated pressure at the interface matched observed pressure for the three snow samples cannot be found; however, a value of 2.5 for the snow sample SLL and SL and a value of 1.9 for SM provided a best match for the pressure at steady state. Pressure at steady state is always under-estimated for the SL sample and over-predicted for SLL and SM snow samples. On average, values of γ greater than 2.0 better approximated the minimum pressure at the interface for all snow sample. Fig. 6 illustrates the difference between simulated and observed average capillary pressures at the wet to dry snow interface through time for γ equal to 2.5 for the samples SLL and SL and equal to 1.9 for the sample SM.
Uncertainty analysis on model variables and inputs
The FC snowpack of Waldner et al. (2004) was used as reference case for the sensitivity analysis with perturbed density and grain size as in Section 4.1 . The parameters and model inputs used in the reference case are summarized in Table 1 . Irreducible water content, perturbations in grain size and density, γ , and the three different models to estimate the van Genuchten's parameters for the boundary drying curve ( α d and n d ) available in the snow literature ( Daanen and Nieber 2009; Yamaguchi et al., 2010 Yamaguchi et al., , 2012 were individually varied. Differing values of θ r have been found in snow, ranging from 0.018 to 0.04 m 3 m −3 ( Katsushima et al., 2013; Yamaguchi et al., 2010 ) . In the sensitivity analysis, this parameter was varied between 0.01 and 0.04 m 3 m −3 with a constant step of 0.005. The perturbations applied to grain size and density were varied between 0 % and 20 % as in Hirashima et al. (2014a ) , with a constant step of 2 %. Finally, γ was varied between 1.5 and 2.5 with a constant step of 0.2. Their impacts on total outflow and wet surface area per total area ( f ) in the lower layer (below the layer interface) after 3 h of melt, the maximum liquid water content in the snowpack during melt and the time at which liquid water first reached the base of the snowpack were observed. Fig. 7 shows the results of the sensitivity analysis. Higher values of θ r increased the time at which meltwater reached the base of the snowpack as more liquid water was held by capillary forces within the pores. Therefore, lower outflows were observed for greater values. As θ r increased, the wet surface area in the lower layer greatly decreased ( Fig. 7 ) and PFP became wetter (not shown). Changes in the perturbation applied to snow density had a lesser effect than varying the perturbation in grain size. Higher perturbations in grain size induced larger capillary pressure heterogeneities between two adjacent numerical cells, resulting in more liquid water content accumulating in the snowpack. f val- ues in the lower layer increased with the perturbation from 0 % to 6 % and then decreased from 6 % to 20 %. Fig. 8 shows the distribution of liquid water after three hours of melt within the FC snow for increasing grain size perturbations, the total wet surface area in the lower layer was the sum of the surface area of each PFP and thus depended on their dimensions. At a zero grain size perturbation, only matrix flow was simulated. As this perturbation increased, PFP became slightly wetter but fewer PFP formed. This is caused by shorter sections (in lateral length) of the high saturation layers present at the layer interface due to a shift in the flow regime in the upper layer from matrix flow to thinner and wetter PFP. This change in the lateral length of the wet sections at the layer interface drove the number of PFP forming in the lower layer. More water content accumulated at the interface with increasing grain size perturbations, causing a delay in water percolating the lower layer and shorter PFP. This combined effect of shorter and fewer PFP gave the results shown in Fig. 7 . This is the first study of snowpack water flow that has applied a boundary wetting curve, which was scaled from the boundary drying curve through γ . As shown in Fig. 7 , this parameter im- pacted all model outputs. A larger value resulted in lower suction computed during the wetting process. Therefore, the condition for which liquid water flows from wet to dry cells (downward vertical water pressure becomes positive) was satisfied at lower water contents in the wetting cell; the maximum liquid water content in the snowpack thus decreased with increasing values of γ during the melt period. As this parameter increased, f values in the lower layer also increased.
As seen in Fig. 7 , the three different models used to estimate the van Genuchten's parameters for the boundary drying curve gave substantially different results. The model of Daanen and Nieber (2009) did not allow for PFP formation. The suction estimated with Daanen and Nieber's model is lower than the two models of Yamaguchi et al. (2010 Yamaguchi et al. ( , 2012 . Therefore, little liquid water ponded at the interface of wet to dry cells before percolating into the dry layer, resulting in a quasi-uniform wetting front and thus, matrix flow. Even though the model outputs from Yamaguchi et al. (2010) were different from those of (reference case), the former still allowed for PFP formation. The older model resulted in more liquid water content accumulating in the snowpack, resulting in higher computed hydraulic conductivities and therefore, a higher outflow after 3 h of melt.
Ice layer formation in subfreezing snow
The FC snowpack of Waldner et al. (2004) was also used to demonstrate the ability of the model to simulate ice layer formation in subfreezing snow. As in Section 4.1 , a constant heat flux of 150 W m −2 was applied at the snow surface to generate melt for ∼2.5 h, then the flux was set to zero and the model was allowed to run for another ∼6 h. In contrast to Section 4.1 , the snow temperature was initially below freezing: the upper layer temperature was set to −3 °C and the lower temperature to −5 °C. A zero heat flux was specified at the lower and lateral boundaries. Figure 9 shows the water content, dry density and temperature distributions within the FC snowpack (upper to lower rows, respectively) at four different times (left to right columns). At the end of the melting period ( ∼2.5 h), the snowpack melted by ∼10 mm and the meltwater generated at the surface accumulated at the layer interface. The snow temperature in the upper wet layer rose to 0 °C, while areas of dry, cold snow remained at the layer interface. The lower layer stayed below freezing. After the melting period, liquid water in the upper layer kept percolating downward for a short period due to gravity. The snowpack slowly became isothermal and the snow surrounding the layer interface gained latent heat due to refreezing of liquid water at the interface, resulting in an increase of temperature in the lower layer. The more liquid water that refroze, the higher the increase in dry density. After refreezing of the high water content layer above the interface, a large increase in dry density, from 650 to 850 kg m −3 , occurred as ice formed in the snowpack. The evolution of the liquid water content, dry density and temperature through time within the snowpack are shown in the video present in the Supplementary material.
Discussion
The SMPP model is qualitatively able to reproduce flow patterns observed in the field and laboratories ( Fig. 3 ) . The distribution of liquid water content and the distribution of fraction of wet area over total area observed in snow samples during laboratory experiments were quantitatively reproduced ( Fig. 4 , lower graphs) . Waldner et al. (2004) and Avanzi et al. (2016) , amongst others, observed that the interface from fine to coarse snow layers acts as a capillary barrier, due to higher suction in the fine layer. This behavior was reproduced by SMPP ( Fig. 3 and 4 ) . Applying Richards equation to represent the ponding of liquid water at the interface of snow layers was essential, as previously noted ( Jordan, 1995; Hirashima et al., 2010 ) . The size of the simulated wet layers in the FC snow is comparable to the dimensions observed by Waldner et al. (2004) with widths varying between 1 and 5 cm. Simulated liquid water content at the high saturation layer were comparable to observations in three different snow samples ( Fig. 4 ) .
PFP were simulated by implementing a water entry pressure and heterogeneities in snow properties, as in Hirashima et al. (2014a ) . In accordance with Hirashima et al. (2014a ) , the implementation of a water entry pressure for dry snow was necessary for the formation of PFP. Distinct PFP originated at the layer interface in the two cases considered in Section 4.1 , i.e. in FC and CF snow samples; thus, the snow properties above and below the interface were not a factor in the formation of PFP. Marsh and Woo (1984a) also observed PFP forming at either flow accelerating interface (e.g. CF snow) or flow impeding interface (e.g. FC snow). Similarly, the thicknesses of simulated PFP in Fig. 3 , ranging from 0.5 to 3 cm are identical to those observed in the laboratory ( Waldner et al., 2004 ) and in the field ( Marsh and Woo, 1984a ) . Greater values of γ resulted in wetter, thicker and more connected PFP ( Fig.   10 ), due to more lateral movement as the condition at which liquid water flowed from wet to dry snow occurred at lower water contents. The shape and number of PFP forming below an impeding interface was driven by the properties of the ponding layer, i.e. its liquid water content and lateral length. For further valida- tion, the connectivity and shape of the simulated PFP can be compared to pictures of dye experiments in natural snowpacks, such as those collected by Williams et al. (2010) . The fraction of wet surface area to total area ( f ) was compared to observed values in three snow samples (FC, FM, and MC, c.f. Fig. 4 ). Discrepancies were observed. First, it is important to state that this two-dimensional model is compared to three-dimensional data. These discrepancies may also originate from slight differences in the inputs used in the model and the laboratory experiments. During the laboratory experiments, a thin cotton ring was positioned at the upper boundary to spread the tracer over the surface ( Avanzi et al., 2016 ) ; however, dyed water percolated the snow sample surfaces at preferential areas and was not uniform over the whole surface ( Avanzi et al., 2016 , Fig. 1, upper row) . This could have been caused by the formation of a thin capillary barrier between the cotton ring and the snow surface. In the model, the input flux was only applied at a few cells to try to match the observed f values at the snow surface by Avanzi et al. (2016) . From the sensitivity analysis, wet surface area (i.e. PFP width and length) is greatly influenced by θ r , the perturbation in grain size, and γ . Different results of f could therefore have been obtained for different combinations of parameters used in Section 4.2 .
The sensitivity analysis showed that the model was more sensitive to perturbations in grain size than perturbations in dry density. This behavior is similar to model results from Hirashima et al. (2014a ) who also noted that the wet surface area increased with the perturbation in grain size, due to more lateral flow and therefore, wider PFP. The high sensitivity to grain size perturbation is most likely because the water entry pressure of dry snow depends solely on this parameter. Further work should be carried to establish probability density functions or relationships for the spatial distribution of these parameters from field observations. After the formation of PFP, lateral flows occurred at the high water content layer towards the PFP due to lateral pressure gradients, as previously model led in soil by Jury et al. (2003) .
Despite the disparity of values for θ r in the literature, few studies have quantified the impact of this parameter on water flow through snow (e.g. Marsh and Woo, 1984b; Tseng et al., 1994b ) . This parameter had a significant impact on model results; increasing values of θ r resulted in slower flows as shown by increasing times at which liquid water reached the base of the snowpack ( Fig.  7 ) . This agrees with model results from Marsh and Woo (1984b ) .
Increasing values of θ r also caused the formation of thinner and wetter PFP (not shown). No physical relationship exists to relate θ r to snow properties and further field or laboratory experiments should be conducted to establish this. Hirashima et al. (2014a ) applied the boundary drying curve of Yamaguchi et al. (2012) to represent the suction in wetting snow samples and model led a jump of pressure between the water entry pressure value to the boundary drying curve when θ w became greater than θ r . The simulation results by Hirashima et al. (2014a ) for the SM and SL snow samples with an input flux of 20 mm h −1 poorly reproduced the observed values of minimum pressure. In Hirashima et al. (2014a ) , for the SLL snow sample, both simulated values of minimum pressure and pressure at steady state greatly differed from the observations. On the other hand, in SMPP, values of minimum pressure and pressure at steady were better represented in the three snow samples. This highlights the importance of including full capillary hysteresis on the suction within a wetting snowpack.
The formation of ice layers was successfully model led. Three distinct zones were observed as in Marsh and Woo (1984a) : wet, mixed wet-dry and dry zones. The wet zone above the matrix wetting front was at the freezing point temperature. The dry zone was located below the finger wetting front and stayed below freezing. PFP were essential for liquid water to reach cold layers in the snowpack ( Humphrey et al., 2012 ) and to the creation of distinct wet and dry zones, composed of zones at 0 °C and below 0 °C. As hypothesized by Marsh and Woo (1984a) and Marsh (1991) , ice layers formed at the wet-dry interface where the surrounding snow cold content was sufficient to refreeze the ponding water ( Pfeffer and Humphrey, 1996; Humphrey et al., 2012 ) . The refreezing resulted in an increase in temperature of the surrounding snow. The average density of the ice layers was ∼725 kg m −3 (ranging from 650 to 850 kg m −3 ). Comparing to observations by Marsh and Woo (1984a) and Watts et al. (2016) , the former observed ice layers with densities ranging from 630 to 950 kg m −3 with a mean of 800 kg m −3 and thicknesses ranging from 1 to 40 mm; the latter measured ice layer densities, varying between 814 and 980 kg m −3 , with a mean value of 909 kg m −3 . The ice layer densities simulated by SMPP are therefore within the range of values observed in the field. The vertical resolution of the simulated ice layers depends on the vertical resolution chosen for the mesh. For different resolutions than the one used in Section 7 , ice layers would still be expected to form, but their densities would differ as the amount of ponding liquid water would be different. For instance, for a lower vertical resolution than the one applied in Section 7 , more liquid water content would accumulate at the two layer interface to satisfy Eq. (10) ; after refreezing, the dry densities of the ice layers in the finer simulation would be higher than the model led ice layer densities in Section 7 .
The model required some approximations that still need to be tested, amongst which the impact of snow metamorphism is potentially important. Including wet and dry snow metamorphism would result in an increase of grain size within and around the PFP, which could make the simulation of the PFP more dynamic than shown here. For wet snow, it was also assumed that the freezing point of liquid water was 0 °C. Studies in soil showed that pore pressure and salt content can lower the freezing temperature of liquid water in the pores (e.g. Spaans and Baker, 1996 ) and this is an important parameter in studies of frozen soils. Daanen and Nieber (2009) demonstrated that the freezing temperature of the liquid phase in snow can be lower than 0 °C. Accounting for the freezing point depression in snow models would lower the rate of refreezing of liquid water.
Conclusions
A 2D snowmelt model that can simulate the formation of PFP from unstable wetting fronts generated by heterogeneities in snow properties was presented. For the first time, capillary hysteresis was included in a snowpack water flow model. To develop an equation for the water entry suction, Katsushima et al. (2013) used four artificial snow samples with densities greater than 387 kg m −3 and input water rates greater than 22 mm h −1 , and so there is great uncertainty in the application of this equation for lower densities and lower input fluxes. PFP formed at different layer interfaces (FC and CF snow) , showing that PFP formation does not depend on the snow properties on either side of the interface. In the case where liquid water ponded at a FC layer interface, PFP patterns depended on the characteristics (lateral length and water content) of the layer of ponded water. During meltwater percolation into a subfreezing snowpack, liquid water ponding at the interface of two snow layers or at the base of the snowpack prior to the arrival of the matrix wetting front refroze, forming ice layers.
Wetting fronts became unstable from lateral perturbations in snow properties; however, such perturbations cannot be directly implemented in one-dimensional snow models. Even though Wever et al. (2016) divided flow through snow between matrix flow and preferential flow in the 1D model SNOWPACK using a dual domain approach, their approach needed two calibration coefficients to simplify the representation of physical processes. A more physical approach, such as the one presented here, can enhance the understanding of the physical processes that drive the formation of PFP, and then could be used to parameterize 1D snow models.
Accounting for the full capillary hysteresis improved the simulation of capillary suction at the wet to dry snow interface for wetting snow when compared to results from Hirashima et al. (2014a ) , in which only a drying boundary curve was used. A sensitivity analysis showed that capillary hysteresis also influenced preferential flow formation, snowpack runoff, and water retention. The scanning curves were estimated from the boundary wetting and drying curves, which were scaled from each other based on the ratio of the van Genuchten parameter α of each curve ( Kool and Parker, 1987 ). An optimum value for this ratio could not be determined here, but values greater than 2.0 gave best results. It is expected that this parameter depends on snowpack physical properties and further studies, such as the one conducted by Adachi et al. (2012) , are needed. Experimental determination of hysteresis effects in snow is challenging, as the ice matrix (in contrast to soil matrix) undergoes metamorphism in the presence of liquid water. This makes the separation of the difference in water retention in wetting and drying mode from temporal effects by snow metamorphism complicated. Other models to compute scanning curves and the wetting boundary curve exist (e.g. Mualem, 1974 Mualem, , 1984 and could be implemented to further examine the results shown in this study.
In hydrological models or land surface schemes, it is assumed that a snowpack must be isothermal and wetted before discharge from the snowpack occurs. This assumption is erroneous as meltwater flows through PFP, bypassing dry zones of the snowpack. A snowpack does not have to be isothermal for melt to start, only the near-surface layer must reach 0 °C. Then, meltwater will penetrate deeper snowpack layers and gradually warm the snowpack to the freezing point as suggested by Pomeroy et al. (1998) .
Although the model components presented here are based on verified theories, they have never been coupled in a numerical framework before. Further fieldwork is required to validate this model against detailed in-situ data; however, the model supports a qualitative field description of how PFP are formed (e.g. Marsh and Woo, 1984a ) . The development of this numerical model suggests the following questions on water flow through snow and numerical snow model ling to be considered in future:
• How do snowpack physical properties control the irreducible water content? • How can grain size and density spatial perturbations be better represented? • Can the water entry pressure for dry snow be related to snow density? • Is the thermodynamics equilibrium assumption suitable or can liquid water flow through subfreezing snow layers without completely refreezing )? • Is the flow through preferential flow paths always laminar? Does Darcy's law always apply? • Does liquid water refreeze at 0 °C in snowpacks or is there a freezing point depression that depends on snow properties, chemistry, and surface tension between ice and liquid water? • Is convection between the wetting phase and the ice important for heat transfer within the melting snowpack?
